Abstract Resection of colorectal liver metastases (CRLM) represents the best chance for cure, but appropriate selection of patients can present challenging clinical scenarios. The PubMed database was searched for articles relevant to CRLM published between 1990 and December 2013. The ability to safely achieve curative resection depends heavily on the adequacy of the future liver remnant (FLR). The FLR volume can be improved through several techniques including portal vein embolization and surgical portal vein ligation with in situ liver split (ALPPS). Disappearing liver metastases (DLM) may develop as a result of robust response to chemotherapy. Concordance between radiographic DLM and true pathologic response is poor and up to 85 % of DLM that undergo resection will demonstrate viable tumor on pathological examination. The rate of true pathologic response for lesions treated with hepatic artery infusion may be higher. Modern chemotherapeutics and techniques to improve the FLR have increased the number of patients who are candidates for potentially curative resection. In cases of DLM, curative resection should aim to include all sites of disease present prior to systemic chemotherapy if possible.
Introduction
The development of liver metastases occurs in over 50 % of patients with colorectal cancer [1] . The presence of colorectal liver metastases (CRLM) was once viewed with a uniformly grim outlook, but modern advances in anesthesia, imaging, surgical technique, and chemotherapeutics have allowed an increasing number of patients to become candidates for potentially curative resection. Central to the expansion of partial hepatectomy as a treatment option for CRLM has been the realization that bilaterality, multiplicity, limited margins, and even limited extrahepatic disease should not preclude consideration of this treatment modality. The significant improvements in outcomes with contemporary chemotherapy regimens in unresectable patients have led to their routine adoption in patients with resectable/resected disease as well. The improved response rates with these regimens in the context of liberalized definitions of resectability have allowed application of partial hepatectomy to intrahepatic distributions of disease that heretofore were not feasible and/or advisable. For patients with initially unresectable disease distributions, approximately 50 % demonstrate radiologic responses and 20 % will ultimately become candidates for curative resections [2] .
As a consequence of these contemporary trends, clinicians have had to focus on a new set of issues that revolve around the quality of the future liver remnant (FLR). These include hepatotoxicity and increased perioperative morbidity associated with pre-hepatectomy chemotherapy, the role of pre-hepatectomy adjunctive treatments is to enhance the FLR and parenchymal preservation strategies. These advances have brought greater complexity to the decisions regarding the proper timing of multimodality therapies including hepatic surgery, primary tumor extirpation, systemic therapy, and radiation (for rectal cancer). Lastly, the increased efficacy of modern chemotherapy has also resulted in another challenge; how to treat lesions that disappear after extended treatment with chemotherapy. The natural history of these disappearing liver metastases (DLM) is often difficult to predict and there is some controversy as to what the most appropriate treatment should entail.
It is the purpose of the review to discuss some of the current challenges associated with the expanding indications for resection and in the multimodality therapy. Specifically, we will focus on preoperative and intraoperative strategies to optimize the FLR and address the problem of DLM.
Optimization of the Liver Remnant
To be considered resectable, patients with CRLM (who are appropriate medical candidates) must in general meet the following criteria at a minimum: (1) An ability to obtain complete (R0) resection of the primary tumor as well as intra-and extrahepatic (limited) metastases; (2) The presence of 2 contiguous segments in the remnant liver with intact vascular inflow/outflow and intact biliary drainage; (3) Sufficient liver volume must remain after resection. This final requirement generally correlates to minimum an FLR volume (FLV) equivalent to 20 % of the total estimated liver volume for those with normal liver parenchyma, 30 % for those with steatosis/steatohepatitis (particularly in the context of chemotherapy associated liver injury), and 40 % in cirrhotic patients [3] .
In addressing increasing intrahepatic tumor multiplicity, bilateral disease, or lesions in difficult intrahepatic locations, there can be significant challenges in meeting the second and third criteria (adequate FLV and intact support structures). These criteria reflect the fact that the volume of the liver remnant and its underlying quality are the principal determinants of perioperative outcomes. Post hepatectomy liver failure remains a major source of morbidity and is the dominant factor in postoperative mortality. One of the keys to successful outcomes following partial hepatectomy lies in the preservation of parenchyma. In almost every study that has looked at predictors of perioperative outcomes following hepatectomy, there exist a few factors that are consistently relevant: the volume of the hepatectomy (and hence the volume of the remnant), the performance of concomitant major procedures, and the presence of intrinsic liver disease. As such attention to the status of the future liver remnant is fundamental and parenchymal preservation key. Several strategies have emerged to optimize FLV in patients with expected marginal liver remnants. These include portal vein embolization (PVE), staged hepatectomy, and ALPPS (Associating Liver Partition and Portal Vein ligation for Staged Hepatectomy).
Portal Vein Embolization
Portal vein embolization was first used in the 1980s to help extend the limits of resectability of primary hepatobiliary malignancies by causing contralateral hepatic hyperplasia and ipsilateral atrophy [4] . By accessing the portal vein percutaneously, the main portal vein branch contralateral to the proposed liver remnant (i.e., of the liver to be resected) is occluded using any one of a number of embolic materials including coils, gelatin, fibrin glue, cyanoacrylate, and polyvinyl alcohol [3] . Therefore, when a right hepatectomy is required to resect CRLM and the FLV is judged to be insufficient, the right portal vein can be embolized to encourage FLV hypertrophy. In cases where an extended right hepatectomy is necessary, investigators have advocated embolization of the right portal vein as well as the left medial portal vein branch (to segment IV) to further increase hyperplasia of segments II and III [5 • ]. It should be noted that in contrast to extended right hepatectomies (where resected volume is often greater than 80 %), left-sided resections including extended left hepatectomies generally leave sufficient FLV and only rarely require PVE. Exceptions to this include cases where right-sided wedge resections are necessary in conjunction with left hepatectomy, and patients who have underlying liver disease.
The maximal rate of liver regeneration occurs between 7 and 14 days in animal models and by about 3-4 weeks volume gains have generally been maximized. Rates of growth and the time required for liver regeneration are typically longer in those with underlying liver pathology and diabetics [4] . Keeping this in mind, a 3-4 week interval between PVE and hepatectomy is necessary to ensure that liver regeneration has been maximized. In individuals with normal regenerative capacity, increases in RLV of 20-38 % are achievable [6, 7] . Complications as a result of PVE occur in less than 5 %, and it is a generally well-tolerated and safe procedure [3] . Resection after PVE is also safe, and in patients with marginal FLV, preoperative PVE can reduce morbidity compared to those who are not embolized and are left with an insufficient RLV [8] . Just looking at the absolute size of the FLV, however, may be an insufficient predictor of perioperative outcomes. Vauthey and colleagues have suggested that the rate of hypertrophy (kinetic growth rate) is a better predictor of post-hepatectomy morbidity than current absolute volume measurements [9] . Additionally, PVE can be performed in the presence of ongoing systemic therapy which some have advocated as a means of minimizing the phenomenon of enhanced tumor growth that can occur in the milieu of the hypertrophying liver [10 • ].
Staged Resections
An alternative and often complimentary approach to PVE for patients with bilateral disease is the performance of staged hepatic resections [11] . The typical context in which this approach is utilized involves the need for a right hepatectomy in the presence of lesion(s) in the left liver that are amenable to wedge resections. Patients typically have marginally resectable disease for which pre-hepatectomy chemotherapy is required to facilitate a response. Although it is more common to perform the left liver wedges first and then prepare the right liver for resection with right portal vein embolization, this need not necessarily be the case. The rationale for such a strategy relates to the risk of tumor progression in the non-embolized left liver. Once the necessary remnant regeneration has occurred (about 4 weeks post-PVE), the second stage of right or extended right hepatectomy can be performed to clear the remaining metastases.
ALPPS
The technique of ''Associating Liver Partition and Portal Vein ligation for Staged Hepatectomy'' (ALPPS) has become a hotly debated topic among liver surgeons, and its role in optimizing FLV is controversial. Schnitzbauer et al. [12 • ] published their initial experience and technique in 2012. The first stage of this technique involves in situ splitting of the liver along the falciform ligament, and it is performed in conjunction with ligation of the right portal vein and portal vein branches to segment IV. The patient remains hospitalized after the first stage and 7-14 days postoperatively a CT scan is performed to evaluate the extent of FLV augmentation. Assuming sufficient FLV growth is observed, the patient then undergoes repeat laparotomy and extended right hepatectomy. Complications were observed in 16 of 25 patients (64 %) and mortality occurred in 3 of 25 patients (12 %). Biliary leakage occurred in 7 of 25 patients, 5 were managed using percutaneous techniques and 2 required re-exploration for leakage from the hepaticojejunostomy. At a median time of 9 days, a median increase in RLV of 74 % was observed and there were no cases of irreversible liver failure.
The greatest advantage of ALPPS is its ability to induce rapid and robust hyperplasia in the future liver remnant. Because the time required to achieve maximal FLV is shorter than PVE, proponents of ALPPS feel that there may be a decrease in the potential for continued tumor growth during the regenerative phase. Furthermore, the technical difficulty of the second stage is reduced since the degree of adhesiolysis required is reduced compared to staged resections performed in conjunction with PVE. Some have also advanced the idea that for synchronous lesions simultaneous resection of colorectal primary tumors may be undertaken during the first stage of ALPPS [13] . Critics argue that the compacted timeline of ALPPS relative to the traditional 2-stage procedure facilitated by PVE inhibits the identification of patients with unfavorable tumor biology. Thus, patients who would have been spared an operation because they had growth of CRLM in the proposed liver remnant after PVE are now being subjected to an unnecessary operation. They also argue that a similar degree of liver hypertrophy can be achieved with PVE without the relatively high complication and mortality rate reported in the initial study by Schnitzbauer. The rate of complications, particularly the rate of bile fistulae has been a cause for concern among critics [14, 15] . At present, experience with this procedure is limited, and questions remain regarding oncologic outcomes and safety. Further study is necessary to determine the role of ALPPS in treating CRLM.
Disappearing Liver Metastases
In many centers, pre-hepatectomy chemotherapy has been promoted for the treatment of resectable CRLM. The rationale for this strategy is that the efficacy of modern chemotherapeutic regimens allows for tumor downsizing, greater preservation of liver parenchyma and, in a small group of patients, even a complete clinical response to chemotherapy. In addition, adjuvant approaches are plagued by high rates of omission of postoperative chemotherapy secondary to difficult and protracted recoveries from surgery. Disappearing liver metastases (DLM) refer to lesions that become radiographically occult on posttreatment imaging [16] [17] [18] [19] [20] [21] . CLRM most likely to progress to DLM are those that are less than 2 cm, as well as lesions treated with extended courses of chemotherapy (7.7 cycles for DLM vs. 5.5 cycles for tumors detectable on preoperative imaging) [19] [20] [21] . In fact, every additional round of neoadjuvant chemotherapy may increase the chance of DLM by 18 % [19] .
Though a complete radiologic response can occur, the rate at which this is observed is low. For example, DLM were noted in only 4 of 171 (3 %) patients who received pre-hepatectomy chemotherapy in the European Organization for the Research and Treatment of Cancer 40983 study [22] . Similarly, Adam et al. [1] found in a retrospective review of 767 patients that only 2 (0.3 %) had a complete clinical response. Though DLM are observed only in a small number of patients, the concept that even some patients may achieve a complete response of CRLM with chemotherapy alone is an appealing one, as it would avoid theoretically unnecessary resections [23, 24] .
Imaging and the Problem of Disappearing Liver Metastases
Determining whether a complete clinical response represents a true pathologic complete response, however, is a difficult and imprecise task that ultimately rests on the sensitivity of cross-sectional imaging. Monitoring of response to chemotherapy is typically carried out with serial computed tomography scans (CT) and fluorodeoxyglucose positron emission tomography (FDG-PET). Technological improvements have made CT a valuable tool in following CRLM, and it has a sensitivity of 70-90 % and specificity of 85-90 % [2] . Despite improvements, however, CT has limitations especially following treatment with contemporary chemotherapy, and thus some DLM may actually represent undetected, viable metastases. Steatohepatitis, steatosis and other parenchymal effects that can arise as a result from chemotherapy can further compromise the ability of CT to detect subcentimeter CRLM [2, 25] .
FDG-PET is another commonly used modality to assess the extent of the disease and to monitor the response of CRLM to chemotherapy. In the context of state-of-the-art CT and MRI, the principal value of PET lies in identifying extrahepatic metastatic disease. The loss or reduction of FDG-PET avidity correlates with the other measures of response to treatment (size, morphology), however, its utility as a surrogate for complete pathologic response of CRLM is limited by several factors. The sensitivity of FDG-PET is greatly reduced as the tumor size decreases and its sensitivity in detecting tumors less than 1 cm is poor [26] . Furthermore, tumors (especially those with central necrosis) can often display heterogeneous FDG uptake. The thin rim of FDG-avid tumor at the periphery may be difficult to detect and distinguish from background activity in the normal hepatic parenchyma [27] . Finally, systemic chemotherapy reduces glucose uptake of hepatic tumors relative to those not treated with chemotherapy, thus decreasing the sensitivity of FDG-PET [28] .
MRI has a higher sensitivity and specificity in comparison with CT and FDG-PET, particularly in the evaluation of subcentimeter tumors [29, 30] . MRI has a particular advantage in imaging livers with chemotherapy-induced steatosis or steatohepatitis as fat-suppressing techniques can be used to improve detection of small lesions. In a meta-analysis performed by van Kessel et al. [31 • ], the pooled sensitivity of MRI for imaging CRLM after preoperative chemotherapy was 85.7 per cent (vs. 69.9 % for CT, 54.5 % for PET and 51.7 % for PET-CT) . Auer et al. [21] reported that failure to use pre-hepatectomy MRI resulted in more lesions being identified at the time of surgery after being incorrectly labeled DLM on preoperative cross-sectional imaging. Furthermore, disappearance of a lesion on preoperative MRI was associated with a greater likelihood of having a complete pathological response [21] . The current data suggest that MRI is the most appropriate imaging modality for assessment of patients with CRLM treated with preoperative chemotherapy, particularly DLM as some that are not seen on CT will be detected by MRI [32, 33] .
What is the Meaning of Disappearing Liver Metastases?
A number of studies have shown that there is discordance between complete clinical response and complete pathological response. Tan et al. [27] examined loss of PET positivity of 34 lesions in 14 patients treated with prehepatectomy chemotherapy. On microscopic examination of these lesions, 85 % (n = 29) still had viable tumor despite the loss of FDG-PET avidity. Similarly, using CT as the primary imaging modality, Benoist et al. [20] found that 20 of 66 DLM actually had gross evidence of disease at the time of surgery. An additional 15 DLM sites that did not have any evidence of gross disease at the time of surgery were resected as well, and on microscopic evaluation 12 of 15 sites had viable tumor cells visible. The remaining 31 DLM sites that were not visible at the time of surgery were left in situ, and within 1 year 23 of 31 sites had evidence of recurrence. In total, persistent macroscopic, microscopic, or early recurrent disease was observed in 83 % of DLM. Though the rate of durable remission and complete pathological response reported by van Vledder et al. [19] were somewhat higher than Benoist et al., there was still a significant discordance between complete clinical response and complete pathological response. Of the 126 DLM observed, 69 (54.7 %) were detected during surgery and treated either by resection (n = 55) or ablation (n = 14). Of the 55 DLM that were detected and resected, 19 lesions (34.5 %) showed a complete pathological response. Among 12 DLM not detected during surgery but included as part of hemi-hepatectomies, complete pathological response was observed in 7 (58.3 %). The remaining 45 DLM were left untreated in situ, and at a median follow-up of 20 months, 24 (53.3 %) did not show evidence of recurrence. Therefore, a true complete response was observed in 50 of the 112 DLM (44.6 %). It should be noted that MRI was not used routinely in either the Benoist (0 %) or the van Vledder (13 %) series. The lack of optimal post-chemotherapy/pre-hepatectomy imaging may have resulted in a higher number of missed lesions.
Some series of DLM have reported higher rates of complete pathological response largely because of liberal use of MRI and treatment with hepatic artery infusion (HAI) pumps [16] [17] [18] 21] . Elias et al. [16, 17] , for example, reported a complete response rate of 86 % among patients receiving HAI therapy prior to surgery versus 22 % for those receiving systemic chemotherapy alone. Additionally, durable response was significantly associated with the use of HAI postoperatively for DLM that were not identified intraoperatively or resected. Similarly, Auer et al. [21] found that treatment with HAI was independently associated with the true complete response (odds ratio 6.2, P = 0.02).
Strategic Management of DLM
Given the finding that complete pathological responses are not routinely associated with complete radiographic responses, the first strategy in managing DLM is to avoid them. Complete radiographic/clinical responses can in some cases be detrimental to surgical planning, as identification of the precise site of CRLM becomes difficult, complicating the attempts to achieve a negative resection margin. This is particularly true for small lesions located deep within the liver and for locations that would necessitate much larger resections to ensure that an occult site is removed. Thus, the goal of preoperative chemotherapy should be primarily to convert unresectable CRLM to resectable CRLM (and perhaps to better select these patients). The goal should not be to achieve maximal radiologic response, as the extended chemotherapy has the potential disadvantage of masking small lesions and decreasing the chance that they are successfully resected. When chemotherapy in these occasions must be delivered pre-hepatectomy, some have advocated for having fiducials implanted into higher risk masses that would be visible on intraoperative ultrasound at a later date. In patients with initially resectable CRLM, up-front resection should be considered prior to chemotherapy as a viable strategy, particularly if the size of CRLM is small. In patients with synchronous CRLM and asymptomatic primary tumors, a liver-first approach can be utilized to resect tumors in precarious locations.
In general, surgical extirpation is recommended for DLM in patients treated with systemic chemotherapy because only 20-40 % of such lesions represent a true complete pathological response. Even for DLM treated with HAI, where the complete pathological response rate may be as high as 60-86 %, concordance between complete clinical and pathological response is not uniform [2, 25] . It should be noted that though intrahepatic recurrence of CRLM is higher for untreated DLM left in situ, there is no clear decrease in overall survival [19] . Nevertheless, the goal of hepatectomy, regardless of mode of chemotherapy, should be to resect all sites of CRLM that were present pre-treatment.
Intraoperative ultrasonography is a valuable tool that can help identify DLM at the time of surgery, but is highly dependent on operator skills. Systematic exploration of the liver leads to increase in the intraoperative detection rate of DLM, and the majority of these DLM identified by intraoperative ultrasound will have viable tumor on final microscopic examination [34] . Ferrero et al. reported the results of 67 DLM in 33 patients taken to the operating room for planned resection. At the time of laparotomy, 45 of 67 lesions (67 %) were identified; 6 (9 %) were grossly detectable and 39 (58 %) were identified using intraoperative ultrasound. Intraoperative detection of DLM by ultrasound was independently associated with the presence of viable tumor on microscopy (P = 0.001).
While DLM identifiable at the time of surgery should be removed clearly when in a resectable pattern, surgical decision-making becomes more complicated when the distribution of disease is such that DLM cannot be all resected in one setting. This is further complicated when DLM cannot be identified at the time of surgery. Several strategies exist if resection of all original sites is not feasible:
1. Extirpation of residual macroscopic disease and identifiable DLM can be performed, while leaving unidentifiable DLM untreated. The DLM left in situ should be followed with either close surveillance or adjuvant therapy (systemic chemotherapy or HAI therapy). 2. DLM can be treated with further systemic chemotherapy with or without HAI. 3. DLM can be tested prior to surgery with a chemotherapy break to better evaluate which DLM represent true pathologic responses, as those that are not will generally recur by a median time of 3-8 months [19, 21] .
Conclusions
The current era of treatment for patients with colorectal cancer metastatic to the liver is flushed with challenges and nuanced care decisions. Tight communication between medical oncologists, hepatic and colorectal surgeons, and radiation oncologists is necessary to achieve optimal outcomes in these patients. Achieving surgical resection is central to optimal outcomes and as such the surgeon must play an active role in the decision-making to ensure the appropriate timing of surgical intervention.
